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Abstract Nickel ferrite thin films were deposited by a 
pulsed laser deposition (PLD) technique on silicon substrate 
at room temperature in a vacuum of 5 x 10 -5 mbar. The 
films were subjected to different annealing temperatures 
from 300-900°C and were also exposed to single shot en¬ 
ergetic hydrogen ions using a Dense Plasma Focus (DPF) 
device. The changes induced in the films exposed at differ¬ 
ent distances from the top of the anode were investigated. 
The structural, morphological and magnetic properties of 
the annealed and exposed samples were investigated. X-ray 
diffraction (XRD) studies reveal the presence of a single 
phase of nickel ferrite after annealing. SEM micrographs in¬ 
dicate an increase in the grain size, both on annealing as 
well as on exposure to hydrogen ions. Annealing and hy¬ 
drogen ion irradiation induced an enhancement in the mag¬ 
netic moments. Laser droplets which are inherent in films 
deposited by laser ablation were found to be dispersed as 
a result of single shot hydrogen ion irradiation from the 
DPF. 
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1 Introduction 

Nickel ferrite is a soft ferrimagnetic material that crystal¬ 
lizes in an inverse spinal structure with Fe 3+ ions distributed 
equally on tetrahedral and octahedral sites and Ni 2+ ions 
on octahedral sites [1-3]. Spinel ferrites are widely used for 
applications like permanent magnets, recording media, fer- 
rofluids, microwaves, sensors and as an anode material in 
lithium ion batteries [4-7] . Nickel ferrite thin films are usu¬ 
ally prepared using chemical and physical methods like spin 
coating, spray pyrolysis, ferrite plating, sputtering, elec¬ 
trodeposition and pulsed laser deposition (PLD) [8-11]. The 
deposition of ferrite thin films by chemical methods has 
many drawbacks such as lack of uniformity and thickness 
control, improper stoichiometry and the possibility of the 
formation of other phases, thus limiting the use of thin films 
for practical applications. Sputtering techniques require a 
bigger-sized target. It is also difficult to maintain the high 
power for the longer time of deposition required to deposit 
films of sufficient thickness for characterization and appli¬ 
cation. Electrodeposition requires a conducting substrate to 
deposit the thin films, which limits its suitability in certain 
applications. In recent times, PLD techniques have emerged 
as an important method for depositing thin films of various 
materials. The PLD technique is a simple method, in which 
the target sizes required are fairly small and easy to prepare. 
Moreover, the films prepared by this method retain good sto¬ 
ichiometry, and the deposition rates are high [12]. The mor¬ 
phology and growth of the films can be controlled by vary¬ 
ing the gas pressure, atmosphere, orientation and distance 
of the substrate from the target. However, the formation of 
laser droplets is an inherent problem of PLD deposited sam¬ 
ples. Several in situ methods, viz., off-axis placement of sub¬ 
strate, using filters between target and substrate, spatial fil¬ 
ters, van-type velocity filters, deposition under different gas 
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atmospheres, using double slit, and crossed magnetic fields, 
etc., have been employed to avoid the formation of laser 
droplets [13-15]. In many of these methods the reduction 
in the density of the droplets is accompanied by a poor de¬ 
position rate. In this report we present the results obtained 
on the thin films of nickel ferrite prepared using the PLD 
method. Nickel ferrite thin films thus prepared were sub¬ 
jected to different annealing temperatures and also exposed 
to energetic H + ions using a Dense Plasma Focus (DPF) de¬ 
vice. The resulting changes in the structure and morphology 
of the thin films and the magnetic properties are reported in 
this paper. In Sect. 2 the experimental details for the prepa¬ 
ration of the films are described, followed by the structural 
characterization and magnetic studies in Sect. 3. We present 
our conclusions in Sect. 4. 


2 Experimental details 

Nickel ferrite particles of 98% purity (Aldrich Co.) were 
used to make the target. The target was sintered at 900°C for 
10 h by the conventional sintering method before it was sub¬ 
jected to laser ablation. Thin films of nickel ferrite were de¬ 
posited on a silicon substrate at room temperature by PLD. 
The ablation process of the nickel ferrite target was carried 
out in vacuum at a base pressure of ~5 x 10 -5 mbar us¬ 
ing the typical PLD setup. A continuum Surelite Nd:YAG 
laser (532 nm) laser beam with a pulse power of 30 mJ and 
repetition rate of 10 Hz was focused onto the NiFe 2 C >4 tar¬ 
get. The distance between the target and the substrate was 
maintained at 5 cm. Both the target and the substrate were 
rotated at a fixed rpm in order to obtain uniform films. The 
as-deposited NiFe 204 thin films were annealed at differ¬ 
ent temperatures, viz., 300, 500, 700 and 900°C, for 3 h. 
The as-deposited NiFe 204 thin films were also exposed 
to energetic H + ions using a single capacitor United Na¬ 
tion University/International Center for Theoretical Physics 
(UNU/ICTP) plasma focus device. A resistive divider with a 
100 times attenuation was used as a voltage probe. The time 
span estimated for the energetic hydrogen ions is about a 
few hundred nanoseconds (ns). Using a Faraday cup, the en¬ 
ergy of the hydrogen ions was found to vary in the range of 
35-1500 keV with a mean energy of 124 keV per ion (Lin et 
al., [16]). It may, however, be mentioned that the energy of 
the ions on the lower energy side is actually lower than that 
reported in [16], as the typical threshold limit of ion energy 
measurement using a biased ion collector (Faraday cup) is 
typically around 25 keV [17] for deuterium ions and around 
50 keV for nitrogen ions [18]. The energy of the ions may 
be as low as 10 keV for instability accelerated ions from the 
pinch region and even lower, a few hundred electron volts to 
a few kiloelectron volts, for the non-instability accelerated 
plasma in the radial phase. The nickel ferrite thin films were 
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Fig. 1 XRD patterns for the nickel ferrite thin film sample (a) as-de¬ 
posited, (b) irradiated at 5 cm and for the samples obtained after an¬ 
nealing the thin films at the temperatures of (c) 300, (d) 500, (e) 700, 
(f) 900°C and (g) nickel ferrite target used for deposition 

mounted horizontally on a vertically movable holder at an 
angle of 90° with respect to the direction of the energetic 
hydrogen ions [16]. 

The as-deposited thin film samples were exposed to H + 
ions using a single shot at different distances, viz., 5, 7 and 
10 cm, from the top of the anode. The irradiations were 
performed at room temperature. The as-deposited sample, 
the annealed samples and those exposed to H + ion irradia¬ 
tion were subjected to different characterization studies and 
magnetic measurements. X-ray diffraction (XRD) data were 
collected in the glancing mode by using a SIEMENS D5000 
diffractometer with Cu Ka = 1.540 A radiation at 40 keV 
in the 20 range from 25 to 70°. The film thickness was es¬ 
timated to be 115-120 nm using X-ray reflectivity (XRR). 
The surface morphology and grain sizes were estimated by 
using a JEOL 6700F field emission scanning electron mi¬ 
croscope (SEM). The M-H loop of the thin films was mea¬ 
sured using a Quantum Design Magnetic Property Measure¬ 
ment System (MPMS) Superconducting Quantum Interfer¬ 
ence Device (SQUID) up to a field of 10 kOe at room tem¬ 
perature. 
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3 Results and discussion 

3.1 X-ray diffraction 

Figure 1 shows the XRD pattern of the nickel ferrite thin 
films and the thin films annealed at different temperatures 
along with that of the nickel ferrite target used for deposi¬ 
tion. The XRD pattern of the as-deposited thin film and the 
film annealed at 300°C shows the amorphous nature, while 
the thin films annealed at 500, 700 and 900°C and the target 
used show the diffraction peaks of the nickel ferrite struc¬ 
ture. The diffraction peaks are analyzed using Joint Com¬ 
mittee on Powder Diffraction Standards (JCPDS) data [19], 
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and it is observed that the single-phase nickel ferrite struc¬ 
ture has been retained for all the samples annealed at differ¬ 
ent temperatures [20]. It is observed that, as the annealing 
temperature increases from 500 to 900°C, the full width at 
half maximum decreases. This clearly indicates an evolu¬ 
tion of the crystalline phase of the nickel ferrite structure 
when annealed above 500°C. The XRD analysis shows that 
the films exposed to single shot hydrogen ion irradiation re¬ 
main amorphous in nature, indicating that the ion-induced 
transient thermal annealing is insufficient to induce any sub¬ 
stantial crystallization, as shown in Fig. 1(b). A depth profile 
analysis of the hydrogen ions in the NiFe 2 C >4 thin films was 
performed using the Stopping and Range of Ions in Matter 
(SRIM) 2003 software package [21]. The projected range of 
the hydrogen ions in the nickel ferrite films has been esti¬ 
mated to be 319 nm, 870 nm and 19 pm for 35 keV, 124 keV 
and 1500 keV energy of the hydrogen ions, respectively, 
which is much higher than the thickness of the thin film, 
~115 to 120 nm. This implies that the energetic hydrogen 
ions have enough energy to penetrate though and out of the 
nickel ferrite thin films; hence the changes induced by the 
energetic hydrogen ions can be considered to be uniform 
throughout the irradiated samples. 

3.2 Scanning electron microscopy 

The surface morphology of the nickel ferrite thin films has 
been studied using scanning electron microscopy (SEM). 
The SEM image for the as-deposited thin film and those 
annealed at 300 and 900°C along with the lognormal dis¬ 
tribution of grain sizes are shown in Fig. 2. The grain sizes 
are estimated from a lognormal fit using the distribution data 
obtained from the SEM images. The average sizes are esti¬ 
mated to be 13, 17, 22 and 31 nm, respectively, for the as- 
deposited thin film and the thin films annealed at 500, 700 
and 900°C. The SEM image of the as-deposited thin film 
(Fig. 2(a)) shows a homogeneous distribution of small grains 
all over the thin film surface, along with some bigger-sized 
grains. These bigger, random-sized grains of nickel ferrite 
over the surface of the thin films are generally referred to 
as laser droplets. The SEM image of the thin film annealed 
at 300°C shows a diffused pattern with no clear boundaries. 
With an increase in annealing temperature, an increase in the 
average grain size is observed. However, for annealing tem¬ 
peratures of 500°C and above, there is also a corresponding 
increase in the size of the laser droplets, as seen in the SEM 
image for the sample annealed at 900°C. 

The SEM images for the samples irradiated by H + ions 
using a single DPF shot at a distance of 5, 7 and 10 cm from 
the top of the anode are shown in Figs. 3(a)-(c), respectively, 
along with the lognormal fit of the grain size distribution in 
the inset. The SEM image of the sample irradiated at 5 cm 
has an average grain size of 16 nm with the laser droplets 



Fig. 2 SEM images of the nickel ferrite thin films (a) as-deposited 
sample and for the samples annealed at (b) 300 (c) 900°C. The grain 
size distribution appears as an inset in (a) and (c) 
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dispersed in the grain matrix, thereby showing a uniform 
morphology. On irradiation, a growth in the grain size is 
observed. The dispersion of the laser droplets in the ma¬ 
trix may be attributed to the interaction between the hydro¬ 
gen ions, with a certain energy distribution, and the droplets 
[22, 23] . The energies of the hydrogen ions in a plasma focus 
device extend over a wide range. While the high energy ions 
will easily penetrate through the thickness of the NiFe 204 
film and deposit their energy essentially into the silicon sub¬ 
strate, the ions with a lower energy, a few hundred electron 
volts to a few kiloelectron volts (which also form the bulk of 
the ions) will not be able to penetrate through the films and 
will interact efficiently only with the surface layers of the 
films. This results in the breaking of the laser droplets on 
the surface and the grains present in the surface of the film. 
After the dispersion of the grains, the grains grow in size 
both due to the nuclear energy losses as well as the thermal 
energy deposited by the energetic ions in to the silicon sub¬ 
strate during the ion irradiation, which then conducts from 
the silicon substrate to the top surface layer. This was simul¬ 
taneously confirmed from the SRIM calculations performed 
on the NiFe 2 C >4 thin films for hydrogen ions with an average 
energy of 124 keV, which also confirmed both the presence 
of the nuclear energy loss and electronic energy loss. It is 
also understood that part of the energy deposited during the 
nuclear interaction results in grains boundary motion [24], 
which causes an increase in grain size. The remaining en¬ 
ergy is thermalized in the lattice [25], which results in a 
temperature spike in small localized regions of the film and 
subsequent migration of atoms across the boundaries, lead¬ 
ing to further grain growth [26]. 

From the SEM image of the sample irradiated at a dis¬ 
tance of 7 cm (Fig. 3(b)) we find that there is no significant 
change in grain size (15 nm); however, there is a smaller 
number of laser droplets as compared to the as-deposited 
films. No dispersion of laser droplets was observed for the 
sample irradiated at 10 cm (Fig. 3(c)). Note that the thin 
film irradiated at a distance of 10 cm shows a similar surface 
morphology to the sample annealed at 300°C. The grain size 
in the sample irradiated at 7 cm is slightly more than that in 
the sample annealed at 300°C, but less than the grain size in 
the sample annealed at 500°C. It is reported that the energy 
of the ions and the fluence (ions/cm 2 ) varies non-linearly 
with distance, specifically as the inverse square of the dis¬ 
tance [27]. Thus the effect of irradiation over a larger dis¬ 
tance is equivalent to subjecting the films to a lower anneal¬ 
ing temperature. The change in energy and fluence of the 
energetic hydrogen ions results in a variation of grain sizes 
and surface morphology of the films. The irradiation with 
single shot H + ions leads to the breaking of laser droplets 
and introduces effects similar to annealing, depending on 
the distance of the exposure. 



Fig. 3 SEM images of the nickel ferrite irradiated with single shot 
energetic H + ions at a distance of (a) 5, (b) 7 and (c) 10 cm from the 
anode. The grain size distribution appears as an inset in (a) and (b) 
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Fig. 4 Hysteresis measurement performed at 300 K for the as such Fig. 5 Hysteresis measurement at 300 K for the samples irradiated 

deposited sample and samples annealed at 300, 500, 700 and 900°C with single shot energetic H + ions at a distance of 5, 7 and 10 cm 

temperatures 


3.3 Magnetic measurements 

The magnetic properties of the nickel ferrite thin films 
were investigated using a dc magnetometer. The hysteresis 
measurements were performed at room temperature for all 
the samples processed under different conditions. Figure 4 
shows the hysteresis loop for the as such deposited thin film 
and the thin films annealed at 300, 500, 700 and 900°C. The 
hysteresis loop of the as-deposited thin film and the thin 
film annealed at 300°C does not show a tendency to satu¬ 
rate even up to a field of 10 kOe. This is due to the super- 
paramagnetic behavior coupled with surface anisotropy. The 
samples annealed at 500, 700 and 900°C show a tendency 
towards saturation at the above mentioned field. This behav¬ 
ior of the hysteresis loop indicates a high surface anisotropy 
for the as-deposited samples and the samples annealed at 
lower temperatures. The inset in Fig. 4 shows the variation in 
the value of saturation magnetization with the grain size of 
the thin films annealed at different temperatures. The satura¬ 
tion magnetization is found to increase with increasing grain 
size [28]. The saturation magnetization is estimated by ex¬ 
trapolating the l/H versus M curve. The maximum value of 
the saturation magnetization is observed to be 78 emu/cm 3 
for the sample annealed at 900°C. A possible reason for the 
increase in saturation magnetization could be the decrease 
in the surface spin disorder with increasing grain size. The 
value of coercivity for the as- deposited sample and samples 
annealed at different temperatures is observed to be ~78 Oe 
and 64 Oe, respectively. The change in the value of coerciv¬ 
ity is not appreciable with the change in annealing tempera¬ 
ture. 

The response of the external applied magnetic field of 
the samples irradiated with energetic hydrogen ions at dis¬ 
tances of 5, 7 and 10 cm from the top of the anode is given in 
Fig. 5. The hysteresis loops recorded for the irradiated thin 
films show a considerable change in the saturation magne¬ 
tization and coercivity of the samples irradiated at different 


distances. The value of saturation magnetization is estimated 
to be 28, 20,17 and 10 emu/cm 3 for the samples irradiated at 
5, 7 and 10 cm and for the as-deposited sample, respectively. 
The value of saturation magnetization for the samples irradi¬ 
ated at 5,7 and 10 cm distance is less than the value obtained 
for the sample annealed at 500°C (40 emu/cm 3 ), but higher 
than that of the samples annealed at 300°C (13 emu/cm 3 ). 
The inset in Fig. 5 shows the variation of saturation mag¬ 
netization with the grain size for the samples irradiated at 
different distances. The value of saturation magnetization is 
found to increase with increasing grain size. The value of co¬ 
ercivity as determined from the hysteresis is found to be 78, 
137, 64 and 54 Oe for the as-deposited sample and samples 
irradiated with hydrogen ions at 10, 7 and 5 cm respectively. 
The sample irradiated at 10 cm shows a maximum coercivity 
of about 137 Oe. The critical diameter of the nickel ferrite 
particles is ~15 nm [29], and such an increase can be at¬ 
tributed to a change from single to multi-domain. 

4 Conclusion 

Nickel ferrite thin films of thickness 115 to 120 nm were 
prepared using PLD and are subjected to different anneal¬ 
ing temperatures as well as exposed to energetic hydrogen 
ions using a DPF device. A single-phase nickel ferrite struc¬ 
ture was observed in the PLD thin films after annealing. The 
presence of laser droplets, which are inherent in PLD films, 
was observed by SEM. A single shot irradiation of energetic 
hydrogen ions from a DPF device was found to dissolve the 
laser droplets, which is not achievable by annealing. The ef¬ 
fect of the grain growth induced by ion irradiation is similar 
to the effect induced by thermal annealing on the surface 
morphology of the nickel ferrite thin films. An enhancement 
in magnetic properties of the thin films was observed both 
after annealing and after exposing the thin films to the en¬ 
ergetic hydrogen ions. The hysteresis measurement shows 
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the change in the coercivity of the thin films irradiated at 
different distances by the hydrogen ions. To understand the 
changes induced in the magnetic properties of the thin films 
by the focused hydrogen ion, further investigation such as 
AC susceptibility and zero-field-cooled (ZFC)/field-cooled 
(FC) measurements should be performed. 
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